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Figure 1. Fontinalis antipyretica, demonstrating keeled leaves that might be advantageous in flowing water or in reducing water
loss when water levels drop. Photo by Li Zhang, with permission.

Although bryophytes are considered by most textbooks
to be abundant in moist habitats, few are strictly aquatic.
Even fewer are able to live their entire lives submersed in
water. However, bryophytes do seem to have a remarkable
ability to survive and be productive in deeper water than do
other plants and most algae.
The paucity of truly aquatic bryophytes seems to also
result in fewer studies on their structural adaptations and
life strategies. Nevertheless, several bryologists in the
early 20th Century summarized some of the characteristics
of aquatic bryophytes (Watson 1919; Gams & Bodensee
1927).
The diversity can be high when one includes the
stream banks and emergent rocks. For example, in 165
stream locations in Portugal (Figure 2), Vieira et al. (2012)
found more than 100 taxa that occurred in three or more of
the sampled streams. Average richness was 4.2 species per
0.25 m2 plot, ranging 1-18 taxa per plot.
In a comprehensive study in the Iberian Peninsula,
Fernández‐Martínez et al. (2019) suggested that the
evolution of traits and species distribution in hygrophytic
(plants living with abundant moisture) mosses are driven
by climate and water chemistry. Both structural and
physiological differences can result from genetically
determined differences and environmental expressions.

Figure 2. Quarteria River, Portugal.
through Creative Commons.

Photo by Kolforn,

In streams, bryophytes may serve as reservoirs of
heavy metals, which can subsequently be released by acid
loadings (Caines et al. 1985). Bell and Lodge (1963)
showed that the occurrence of certain aquatic mosses could
be correlated with calcium or nutrient content in the water.
Romanova (1965) and Jeglum (1971) found that
bryophytes indicated the condition of pH and water level in
peatland streams.

Chapter 2-3: Streams: Structural Modifications – Leaves and Stems

In the stream habitat, bryophytes must endure
changing water levels, rapid flows, silt loads, loss of sperm
to the flow, fragmentation and abrasion, being embedded in
surface ice and anchor ice, low light in summer, and high
light when leaves are off the trees. Light coming through
the trees is heavy on green and the water further absorbs
red light. Some bryophytes have adaptations to optimize
their survival under these conditions. These adaptations
include both structural and physiological modifications, as
well as life cycle strategies that permit dispersal and
colonization.
Vieira et al. (2005) considered the niche relationships
of stream bryophytes to be specialized. These niches
correlate with structural and physiological adaptations
(Glime & Vitt 1984; Vitt & Glime 1984; Slack & Glime
1985).
Some stream bryophytes are able to exist in a wide
variety of stream types and conditions, including
adaptations to low light and temperature, rapid nutrient
uptake, and resistance to scouring (Bowden et al. 1999).
Their productivity can exceed that of the algae in the
streams, but is much less known than that of the algae. But
much remains unknown or poorly understood about stream
bryophytes – rate of decomposition, dynamics of nutrient
uptake, how they interact with microorganisms, and how
much they are needed by fish for spawning and refuge.
Perhaps one reason some of the aquatic bryophytes
have such wide niches is that many bryophyte taxa have
invaded the water two or more times in their evolutionary
history (Cook 1999). This back and forth evolutionary
behavior has resulted in aquatic representatives in 440
genera and 103 families of embryo-bearing plants. Cook
reminds us that bryophytes and other embryo-bearing
plants are derived from aquatic ancestors. Thus, they have
had the opportunity to accumulate genes suitable for both
terrestrial and aquatic habitats. Cook suggests that invasion
of water has taken place 10-19 times in the evolutionary
history of the bryophytes, compared to 204-245 times in
seed plants.
Adaptations to living in water can include modified
structures, life and growth forms, life cycle strategies,
physiological adaptations, phenological behavior, and
herbivory protections.
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Evolutionary Drivers
Hedenäs (2001) found that climatic zone is the
predominate force in determining moss characters (44%),
followed by general habitat (35%), and last by wetland vs
non-wetland (23%), although among stream mosses the
rate of flow and water level fluctuation pose the most
important gradients.
Characters related to water
conduction and retention included stem central strand
(Figure 3), leaf orientation, leaf costa type (Figure 4), alar
cells (Figure 5), paraphyllia (Figure 6), pseudoparaphyllia
(Figure 7), inner perichaetial leaf plications, vaginular
paraphyses (Figure 8), operculum type (Figure 9), stomatal
pore (Figure 10), and possibly seta length. Characters
related to spore dispersal included capsule shape and
orientation, annulus (Figure 11), exostome (Figure 12) and
endostome (Figure 12) appearance, spore size and
maturation time, and possibly seta length.
Water
availability and exposure to wind were the most important
habitat factors.

Figure 3. Mnium stem showing central strand (stained
green). Arrows indicate leaf traces. Photo by Janice Glime.

Structural Modifications
Hedenäs (2001) used a monumental data set (439
pleurocarpous moss species, 86 characters) to compare taxa
all over the world based on characters influenced by
climatic zone, general habitat, and wetland vs. nonwetland.
He identified two complex functions that
explained differences in character state frequencies: water
conduction and retention, and spore dispersal.
Even early researchers found the development of
aquatic bryophytes to be interesting and instructive.
Leitgeb (1868) provided a detailed description, with
drawings, of the development of the stems of Fontinalis
antipyretica.

Figure 4. Hygroamblystegium fluviatile leaves showing
dark costa down the middle of the leaf. Photo by Hermann
Schachner, through Creative Commons.
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Figure 5. Calliergon giganteum leaf with inflated alar cells
at leaf base. Photo by Michael Lüth, with permission.

Figure 8. Moss paraphyses with archegonia. Photo by Tom
Thekathyil, with permission.

Figure 6. Thuidium delicatulum showing paraphyllia.
Photo from Northern Forest Atlas, with permission through Jerry
Jenkins.

Figure 9. Polytrichum operculum.
Shepherd, through Creative Commons.

Figure 7.
Homomallium mexicanum showing
pseudoparaphyllia on the stem. Photo by Dale Zimmerman
Herbarium, Western New Mexico University, with permission
from Russ Kleinman & Karen Blisard.

Photo by George

Figure 10. Polytrichum stomata on base of capsule. Photo
by George J. Shepherd through Creative Commons.
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(Fernández‐Martínez et al. 2019). In cold, humid, softwater springs the hygrophytic mosses displayed the
opposite traits.
Fernández‐Martínez et al. (2019) identified three
"distinguishable" groups of mosses based on their traits
(Figure 13). Group 1 is predominantly monoicous,
sexually reproducing, pleurocarpous, mat-forming, and
having high water absorption capacity (WAC). Group 2 is
predominantly dioicous, asexually reproducing with low
sporophyte frequency, turf- or cushion-forming, and having
needle-like leaves, high mass per area, and high moss
density. Group 3 is predominantly acrocarpous, tall-turfforming, and having large leaves and spores.
Figure 11. Funaria hygrometrica capsule showing annulus.
Photo by Hermann Schachner, through Creative Commons.

Figure 13. Hierarchical cluster analysis of traits that group
bryophytes from springs in the Iberian Peninsula. Axis 1 is
correlated with water conductivity, including ions such as Ca+2
and Mg+2, high temperatures (lower altitudes), and drought. Axis
2 is mostly opposite of Axis 1, but has a stronger relationship to
temperature seasonality and to Cd.

Bryophytes vs Tracheophytes

Figure 12. Sematophyllum demissum capsule showing two
layers of peristome. Photo by Des Callaghan, through Creative
Commons.

A recent study on hygrophytic (living in abundant
moisture, here including aquatic and semi-aquatic) mosses
from springs in the Iberian Peninsula indicates the role of
water chemistry in sclerophylly (thickened, hardened
foliage that resists loss of moisture) (Fernández‐Martínez et
al. 2019).
Montefort et al. (2018) developed the
sclerophylly index for bryophytes (ratio between dry mass
and surface area of bryophyte shoot). Springs with a warm,
dry climate and hard water (having high mineral content)
have mosses that are dominated by those with denser,
needle-like leaves and a lower water absorption capacity

Akiyama (1992, 1995) considered there to be two main
differences between adaptations of tracheophytes (plants
with lignified vascular tissue) and those of bryophytes.
Most moss rheophytes (plants living in rapid water) have
monopodial branching (having a central axis that grows
from a terminal bud, like a spruce tree or the moss
Climacium; e.g. Figure 14). [I have not found monopodial
branching to be common – Fontinalis branches and
rebranches from the axis (Figure 15) (Berthier 1965),
although it does possess apical dominance (Berthier 1968),
as do Hygroamblystegium (Figure 16) and Platyhypnidium
(Figure 17).] He found that the rheophytic moss leaves are
ovate with obtuse apices, causing a small leaf index. This
is relatively true for mosses like Platyhypnidium
riparioides (Figure 17), but I have seen many species that
are more lanceolate, like most species of Fontinalis (Figure
18) or Hygroamblystegium (Figure 4).
Fontinalis
gigantea (Figure 19) has more ovate leaves with obtuse
apices, but it is typical of stream pools and vernal pools,
not fast water. Akiyama also noted that rheophytic mosses
have a "special tolerance" to periodical drought, whereas
the aquatic tracheophytes usually do not.
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Figure 17. Platyhypnidium riparioides. Photo from Dale A.
Zimmerman Herbarium, Western New Mexico University, with
permission from Russ Kleinman & Karen Blisard.
Figure 14.
Polytrichum commune demonstrating
monopodial branching. Photo by Bob Klips, with permission.

Figure 15. Fontinalis dalecarlica showing branching. Note
the new shoots coming from this plat stranded above the water.
Photo by Michael Lüth, with permission.

Figure 18.
Fontinalis hypnoides leaf demonstrating
lanceolate shape and absence of costa. Photo from Dale A.
Zimmerman Herbarium, Western New Mexico University, with
permission from Russ Kleinman & Karen Blisard.

Figure 19. Fontinalis gigantea, a species that can be more
than 70 cm long. Photo by Paul Wilson, with permission.

Figure 16. Hygroamblystegium tenax, with branching from
the main axis. Photo from Northern Forest Atlas, with permission
from Jerry Jenkins.

Vitt and Glime (1984) noted that a species may have
aquatically adapted gametophytes, but have terrestrially
adapted sporophytes (Figure 20). Other species, like those
of Fontinalis, have both generations adapted to submersion
(Figure 21-Figure 22). The highly evolved structures of
aquatic species suggest that these species are evolved from
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terrestrial ancestors. The large number of widely divergent
families with aquatic members indicates that mosses have
adapted to aquatic environments through numerous
independent lineages. The large number of characters that
these aquatic members have in common are a result of
parallel evolution with adaptations to a highly specialized
habitat.
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Modified Leaves
Higuchi and Iwatsuki (1986) experimented with the
terrestrial mosses Hypnum plumiforme (syn. Hypnum
plumaeforme) (Figure 23) and Gollania japonica (Figure
24) by culturing them in water. New growth exhibited
smaller and more scattered leaves with entire margins,
thinner walls in the leaf lamina cells, and a more julaceous
leaf arrangement. Cell size and shape did not appear to
have any response to submersion in these two species.

Figure 20. Platyhypnidium riparioides with capsules that
mature out of the water. Photo by Hermann Schachner, through
Creative Commons.

Figure 23. Hypnum plumaeforme, a species that develops
smaller, more scattered leaves when grown submersed. Photo by
Jan-Peter Frahm, with permission.

Figure 21. Fontinalis dalecarlica with young capsules under
water in New Hampshire, USA. Photo by Janice Glime.

Figure 24. Gollania japonica, a species that develops
smaller, more scattered leaves when grown submersed. Photo
from Taiwan Mosses, through Creative Commons.

Figure 22. Fontinalis dalecarlica with mature capsules
under water in New Hampshire, USA. Photo by Janice Glime.

Wehr and Whitton (1986) found similar variation in
the aquatic moss Platyhypnidium riparioides (Figure 17)
among the 71 streams they sampled. They scored these
based on water chemistry, but other factors of the streams
may also have contributed. The plants varied in size,
robustness, dimensions and shape of leaves, degree of
denticulation, and relative length of the costa. Less robust
plants, smaller leaves, and weaker denticulations all
correlated with nutrient-rich water.
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There is no character that is found among all aquatic
bryophytes, and those that seem to be adaptations may be
present in one geographic region and not another. With
that in mind, do not expect any of the following character
observations to be universal.
Multistratose Leaves
It appears that having leaves with multiple layers of
cells (multistratose) is common among some genera of
aquatic or amphibious bryophytes. For example, the
aquatic Neotropical species of Fissidens, F. geijskesii
(floating and aquatic), F. oediloma, F. rigidulus (Figure
25), F. rochensis, and F. hydropogon (Figure 26), all have
multiple cell layers. Similarly, Fissidens grandifrons
(Figure 27-Figure 29) grows in fast water, waterfalls, and
other abrasive aquatic environments (Crum 1983) and like
F. rigidulus has multilayered leaves (Iwatsuki & Suzuki
1982; Pursell & Allen 1994; Bruggeman-Nannenga 2013),
a character these authors consider adaptive to the fast
water. On the other hand, F. fontanus (Figure 30-Figure
31) lives in quiet water and has only one cell layer
thickness (Pursell 1994; Pursell & Bruggeman-Nannenga
2004; Ron Pursell, pers. comm. 1 August 2011;
Bruggeman-Nannenga 2013). Fissidens taxifolius (Figure
32-Figure 33) is a terrestrial species with only one layer of
leaf cells.

Figure 26. Fissidens hydropogon, a tropical species with
multistratose leaves.
Photo from Alchetron.com, through
Creative Commons.

Figure 27. Fissidens grandifrons in its waterfall habitat in
the Keweenaw Peninsula of Michigan, USA. Photo by Janice
Glime.

Figure 25. Fissidens rigidulus, a tropical aquatic moss with
leaves that have multiple cell layers. Photo by Leon Perrie,
through Creative Commons.

Figure 28. Fissidens grandifrons, a moss of fast water with
multiple layers of leaf cells. Photo by Michael Lüth, with
permission.
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Figure 29. Fissidens grandifrons leaf cs showing multiple
layers of leaf cells. Photo by Li Zhang, with permission.
Figure 33. Fissidens taxifolius leaf cs showing single layer
of cells. Photo by Ralf Wagner <www.drralf-wagner.de>.

To these species, Bruggeman-Nannenga (2013) added
Fissidens bessouensis from Africa, with multistratose
leaves along the costa and in scattered locations elsewhere
in the leaf lamina. Likewise, the African F. harringtonii
grows submerged and has partly bistratose leaves.
Beever (1995) compared two aquatic New Zealand
species of Fissidens. Fissidens strictus (Figure 34-Figure
35) is a typical rheophyte that has stiff, compact shoots.
Fissidens berteroi (Figure 36) is a limnophyte (plant of
marshy conditions or shallow water) and has a lax habit
typical of that nearly flowless environment.

Figure 30. Fissidens fontanus in its quiet water habitat,
showing lax stems. Photo by Matt Keevil, through Creative
Commons.

Figure 31. Fissidens fontanus, an aquatic species, showing
one leaf cell layer. Photo by Dick Haaksma, with permission.
Figure 34. Fissidens strictus, a species with stiff shoots.
Photo by Bill Malcolm, with permission.

Figure 32. Fissidens taxifolius, a terrestrial species with
single-layered leaves.
Photo by David T. Holyoak, with
permission.

Figure 35. Fissidens strictus leaf. Photo by Bill Malcolm,
with permission.
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Figure 36. Fissidens berteroi, a species with soft stems and
leaves. Photo by Marley Ford, through Creative Commons.

Figure 38. Handeliobryum sikkimense habitat. Photo by
Jim Shevock, with permission.

Ryszard Ochyra described several moss genera from
torrential waters as having multilayered leaf laminae
(Tamás Pócs, Bryonet 24 July 2011). Pócs observed that
many rheophytic (growing submerged for at least part of
year) mosses with only single-layered leaves often lose all
or part of the lamina and seem to survive with only the
costa remaining. For example, the African Fissidens
aegrotus and Asian Hydrocryphaea wardii do this. I have
observed the same loss of lamina in Hygroamblystegium
fluviatile (Figure 37).

Figure 39.
Handeliobryum sikkimense, a rheophytic
bryophyte with multistratose leaves. Photo from Earth.com, with
permission.

Figure 37. Hygroamblystegium fluviatile showing leaf
costae where laminae have been stripped. Photo modified from
unknown photographer, Bryophytes of Hoxie Gorge website.

In the Neckeraceae, some of the rheophytic species
have partly bi- or multistratose leaf laminae, including
Neckeropsis s.l. (Johannes Enroth, Bryonet 1 August
2011). This is true for Neckeropsis touwii from Papua
New Guinea (Ochyra & Enroth 1989). The Himalayan
genus Handeliobryum (Figure 38-Figure 39) also has
mostly bistratose leaves (Ochyra 1986). And also now
included in Neckeraceae, Crassiphyllum fernandesii has
2-5 stratose stipe leaves and partly bistratose stem and
branch leaves (Ochyra 1991) and Thamnobryum
cataractarum (Figure 40-Figure 41) has multistratose stipe
leaves and similarly multistratose basal parts of the stem
and branch leaves, with mostly bistratose apical parts
(Hodgetts & Blockeel 1992).

Figure 40. Thamnobryum cataractarum habitat.
courtesy of Nick Hodgetts.

Photo
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Figure 41. Thamnobryum cataractarum, a species with
multistratose stipe leaves, basal parts of the stem, and branch
leaves. Photo courtesy of Michael Lüth.

Bernard Goffinet (pers. comm. 23 July 2011) added
Vittia pachyloma (Amblystegiaceae; Figure 42-Figure 43)
to the list of aquatic taxa with multistratose leaves. It also
has a leaf border, short laminal cells, stiff stems, and a
thick costa, all characters shared by Platylomella lescurii
(Figure 44-Figure 45), an aquatic species of fast water and
considered by some to be in the same family
(Vanderpoorten et al. 2003). Other aquatic multistratose
genera in Amblystegiaceae include Donrichardsia (Figure
46), Gradsteinia, and the Pupu Springs version of
Cratoneuropsis relaxa (syn. = Hypnobartlettia fontana;
Figure 47). The latter species was so different at Pupu
Springs that it was originally described as a different genus,
Hypnobartlettia (Beever & Fife 2008). Platyhypnidium
pringlei (Figure 48-Figure 50) in the Brachytheciaceae
likewise has a strong costa that remains when the leaf is
scoured away.

Figure 42. Vittia pachyloma habitat. Photo by Juan Larrain,
through Creative Commons.
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Figure 43.
Vittia pachyloma, a member of the
Amblystegiaceae with multistratose leaves. Photo by Juan
Larrain, through Creative Commons.

Figure 44. Platylomella lescurii, a species of fast water
Photo by Blanka Aguero, with permission.

Figure 45. Platylomella lescurii with leaf borders and strong
costa. Note the torn away lamina on leaves. Photo from Northern
Forest Atlas, with permission from Jerry Jenkins.
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Figure 48. Platyhypnidium pringlei habitat. Photo by Ken
McFarland and Paul Davison, with permission.

Figure 46.
Donrichardsia bartramii, Ectropothecium
zollingeri, Glossadelphus limnobioides, and Papillidiopsis
aquatica in a stream in China. Photo with permission from Jim
Shevock.

Figure 49. Platyhypnidium pringlei showing strong costa.
Photo by Ken McFarland and Paul Davison, with permission.

Figure 50.
Platyhypnidium pringlei showing costae
remaining after the leaf lamina has been scoured away. Photo by
Ken McFarland and Paul Davison, with permission.

Figure 47. Cratoneuropsis relaxa from Pupu Springs, with
only the costa remaining for many of the leaves. Photo from the
Museum of New Zealand, through Creative Commons.

The South African endemic Wardia hygrometrica
(Figure 51) leaves are only one cell thick, but in addition to
its occurrence in fast flow, this species also occupies splash
zones of waterfalls and regions of slow flow (Jacques van
Rooy, pers. comm. 2 August 2011). Instead of being
multistratose, it has a strong, broad costa. There is
considerable variation in both stem length and firmness,
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leaf shape, and leaf length (van Rooy 2014), a plasticity
common to many aquatic bryophytes.

Figure 53. Palustriella falcata leaf cells of a unistratose
leaf. Photo by Hermann Schachner, through Creative Commons.

Costa

Figure 51. Wardia hygrometrica with capsules, a species of
rapids and splash of waterfalls. Photo by Jonathan Sleath, Sanbi.

Spitale and Petraglia (2010) reminded us that the
pluristratose leaf lamina is a recurring trait among
unrelated lineages of aquatic pleurocarpous mosses, and
that it has been considered an adaptation to the aquatic
habitat. Using the aquatic moss Palustriella falcata
(Figure 52) from springs in the Italian Alps as a study
organism, they found varying numbers of leaf lamina cell
layers among the specimens. They found that this
character varied even among shoots from the same spring.
The character correlated with the width of the costa, but
had a negative correlation with cell length.
The
pluristratose character seemed most related to plants from
constantly submerged locations. This character showed a
continuum from single-layered P. falcata (Figure 53) to
multiple-layered P. pluristratosa. This suggests that the
character may be a response to submersion, but not
necessarily an adaptation to flowing water.

Figure 52. Palustriella falcata, a species that seems to
develop multistratose leaves when it is submersed. Photo by
David T. Holyoak, with permission.

The leaf costa can serve two functions: support and
translocation of water and nutrients. But in the water, it
appears that neither of these functions is important.
Fontinalis lacks a costa (Figure 18), as do Wardia (Figure
51) and Rhabdodontium buftonii. In other species, e.g.
Warnstorfia exannulata (Figure 54-Figure 55) and
Cinclidium stygium (Figure 56), the mesic form has a
strong costa (Figure 57), but in water it becomes shorter,
thinner, or disappears. On the other hand, many taxa have
strong costae in the water (Vitt & Glime 1984; Ock 2014).
These include Cinclidotus (Figure 86-Figure 87),
Schistidium
maritinum
(Figure
58-Figure
59),
Echinodium (Figure 60), and Scouleria (Figure 61-Figure
62). In some cases the costa occupies most of the leaf, as
in Blindia (Figure 101-Figure 103), Theriotia (Figure 63),
Dendrocryphaea tasmanica (Figure 64), and Tridontium
tasmanicum (Figure 65-Figure 66). In the latter two, and
in Hygroamblystegium fluviatile (Figure 4, Figure 37), the
costa is often the only portion remaining except for a few
new leaves. Hence, it appears that the costa is either
strong, offering support, or absent.

Figure 54. Warnstorfia exannulata in a mesic habitat.
Photo by David T. Holyoak, with permission.

2-3-14

Chapter 2-3: Streams: Structural Modifications – Leaves and Stems

Figure 57. Cinclidium stygium leaf showing strong costa
that is typical of mesic habitats. Photo by Kristian Peters, through
Creative Commons.

Figure 55. Warnstorfia exannulata showing strong costa in
leaves from mesic habitats. Photo by Štĕpán Koval, with
permission.

Figure 58. Schistidium maritimum in a typical seaside
habitat. Photo by Michael Lüth, with permission.

Figure 59. Schistidium maritinum leaf showing strong
costa. Photo by Tomas Hallingbäck, with permission.

Figure 56. Cinclidium stygium in a mesic habitat. Photo by
Michael Lüth, with permission.

Figure 60. Echinodium renauldii, in a genus that has a
strong costa even in submerged habitats. Photo by Rosalina
Gabriel, with permission.
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Figure 61. Scouleria aquatica, a streamside species, often
occurring on wet canyon walls. Photo by Matt Goff, with
permission.

Figure 64. Dendrocryphaea tasmanica, a species with a
thick costa that occupies the tip of the leaf. Photo by Tom
Thekathyil, with permission.

Figure 62. Scouleria aquatica leaf showing strong costa.
Photo by Matt Goff, with permission.

Figure 65. Tridontium tasmanicum, a species in which a
strong costa fills most of the leaf. Photo by David Tng, with
permission.

Figure 63. Theriotia lorifolia, a genus in which the costa
fills most of the leaf. Photo by Zen Iwatsuki, with permission.

Figure 66. Tridontium tasmanicum leaf showing strong
costa. Photo from Natural History Museum, London, through
Creative Commons.
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Borders
Ock (2014) considered multistratose leaf borders,
along with thickened costae to help mosses tolerate whitewater rapids that carry "sandblasting" sediments, and have
prolonged desiccation with full sun. Although Ock
considered rheophytes to be species living submerged for
part of the year, but also emergent for part of the year,
these traits apply more broadly to include those species that
remain submersed. Platylomella lescuriii (Figure 44Figure 45) is a good example of this. It is often present
with only the costa and border remaining on many leaves
after the rapid flow laden with particulate matter has
destroyed the less resistant lamina cells (Figure 45, Figure
67).

Figure 68. Dichelyma falcatum with typical falcate leaves.
Photo by Martin Hutten, with permission.

Figure 67. Platylomella lescurii green leaf missing part of
lamina. Photo courtesy of David Dumond.

Falcate Leaves

Figure 69. Fontinalis novae-angliae with falcate leaves
when cultured in very shallow, flowing water in an artificial
stream that exposed it to air. Photo by Janice Glime.

In the Fontinalaceae, Dichelyma (Figure 68), a flood
zone species, has falcate leaves, but Fontinalis (Figure 15,
Figure 18, Figure 21-Figure 22, Figure 88-Figure 89), an
obligate aquatic does not. However, in my experiments it
produced falcate leaves (Figure 69) when the shoots were
exposed to air in artificial streams (Vitt & Glime 1984).
Fontinalis leaves can also produce short costae (Allen
1983). Both of these traits suggest a plasticity of a
suppressed gene. Hygrohypnum has an even more
frequent expression of falcate leaves in exposed
populations (H. ochraceum (Figure 70-Figure 73), H.
luridum (Figure 74-Figure 75) and straight leaves under
water. Janssens (1981) has even used this behavior to
analyze habitats from the Pleistocene, using microfossils.
Such species as Pseudocalliergon lycopodioides (Figure
76), Warnstorfia exannulata (Figure 54-Figure 55), and
Warnstorfia fluitans (Figure 77) are strongly falcate out of
water, but lose the trait when submerged (Zastrow 1934;
Lodge 1959).

Figure 70. Hygrohypnum ochraceum habitat. Photo by
Michael Lüth, with permission.
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Figure 71. Hygrohypnum ochraceum with falcate leaves
typical of the species when it is wet but not submersed. Photo by
Michael Lüth, with permission.

Figure 72. Hygrohypnum ochraceum falcate leaf typical of
wet but not submersed populations.
Photo by Dale A.
Zimmerman Herbarium, Western New Mexico University
(permission from Russ Kleinman & Karen Blisard).

Figure 73. Hygrohypnum ochraceum straight leaf, typical
of submersed leaves. Photo by Dale A. Zimmerman Herbarium,
Western New Mexico University (permission from Russ
Kleinman & Karen Blisard).
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Figure 74. Hygrohypnum luridum with falcate leaves,
typical of wet populations growing out of water. Photo by
Hermann Schachner, through Creative Commons.

Figure 75. Hygrohypnum luridum straight leaves, typical of
submersed populations. Photo by Hermann Schachner, through
Creative Commons.

Figure 76. Pseudocalliergon lycopodioides showing falcate
leaves of emergent plants. Photo by David T. Holyoak, with
permission.
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Figure 77. Warnstorfia fluitans with falcate leaves typical
of emergent forms. Photo by Hermann Schachner, through
Creative Commons.

Alar Cells

Figure 79. Calliergon giganteum leaf showing enlarged alar
cells at base, typical of emergent leaves. Photo by Michael Lüth,
with permission.

Alar cells (cells at margins of leaf base) are useful in
swelling to make the leaves spread and appear to be helpful
in absorbing water; thus, as we might expect, these seem to
be absent in submerged species. Zastrow (1934) found that
in submersed culture, Calliergon giganteum (Figure 78Figure 79) and C. cordifolium (Figure 80-Figure 83) had
indistinct alar cells, whereas in terrestrial habitats they have
large alar cells. On the other hand, he was unable to induce
any change in the alar cells of Warnstorfia exannulata
(Figure 54-Figure 55) or Warnstorfia fluitans (Figure 77)
when these were submersed, indicating that alar cells in
these species were under genetic control. Vitt and Glime
(1984) concluded that alar cells are common among species
of mesic habitats or semi-aquatics, but not in the obligately
submerged species.

Figure 80. Calliergon cordifolium in shallow water. Photo
by Michael Lüth, with permission.

Figure 78. Calliergon giganteum in shallow water. Photo
by Michael Lüth, with permission.

Figure 81. Calliergon cordifolium leaf base with little
distinction in alar cells, typical of submersed leaves. Photo by
Hermann Schachner, through Creative Commons.
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Figure 82. Calliergon cordifolium leaf base with slightly
distinct alar cells, typical of some submersed leaves. Photo by
Hermann Schachner, through Creative Commons.
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but in rapid streams, the cells can be smaller than those on
wet ground or quiet water. Cell walls tend to be firmer or
more thickened on plants of flowing water. Like other
researchers, he found that leaves in rapid flow are often
worn away on the lower parts of the stems. Some leaves
have thickened borders [e.g. Cinclidotus (Figure 86-Figure
87), Platylomella (Figure 44-Figure 45)]. Others are
keeled [Fontinalis antipyretica (Figure 1, Figure 88), F.
neomexicana (Figure 89)] or folded over (Fissidens –
Figure 90-Figure 91). In some of the shallow water and
stream edge species, papillae are present (e.g.
Dichodontium pellucidum – Figure 92-Figure 94), the leaf
margin is recurved (e.g. Bryum pseudotriquetrum – Figure
95-Figure 96) or leaves are falcate (e.g. Palustriella
commutata – Figure 97-Figure 98). Even Dicranella
heteromalla (Figure 99), living near mountain streams,
sometimes has very falcate leaves (Figure 100) with only
the upper portions that are nearly all costa being exposed to
the rapid waters of flooding.

Figure 84. Hookeria lucens, a species of wet ground with
large leaf cells. Photo by Matt Goff, with permission.
Figure 83. Calliergon cordifolium leaf with distinct alar
cells, typical of emergent leaves and showing variation in alar
cells compared to Figure 81 and Figure 82. Photo by Kristian
Peters, through Creative Commons.

Higuchi and Iwatsuki (1986) experimented with two
terrestrial moss species by submerging them in water.
They found that this resulted in less differentiated alar
cells, suggesting that this is an environmentally induced
response.

Structural Protection from Desiccation
Watson (1919) summarized a number of leaf
characters of freshwater bryophytes. He found that species
of wet ground have larger leaf cells (e.g. Hookeria lucens
– Figure 84-Figure 85) than do leaves from dry habitats,

Figure 85. Hookeria lucens leaf showing large cells
common on wet ground. Photo by Malcolm Storey, with online
permission.
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Figure 89. Fontinalis neomexicana showing keeled leaves.
Photo by Belinda Lo through Creative Commons.

Figure 86. Cinclidotus aquaticus, a plant with a strong
border.
Photo by Hermann Schachner, through Creative
Commons.

Figure 87. Cinclidotus aquaticus leaf showing its strong
border.
Photo by Hermann Schachner, through Creative
Commons.

Figure 90. Fissidens crispus, a sometimes submersed
species in a genus in which the leaf folds over to make a pocket.
Photo by E. R. Gunnison, through Creative Commons.

Figure 88. Fontinalis antipyretica var. antipyretica showing
keeled leaves. Photo by David T. Holyoak, with permission.

Figure 91. Fissidens crispus leaves showing pockets due to
leaf folding. Photo from Dale A. Zimmerman Herbarium,
Western New Mexico University.
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Figure 92. Dichodontium pellucidum, a shallow water and
stream edge species. Photo by Hermann Schachner, through
Creative Commons.
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Figure 95. Bryum pseudotriquetrum emergent in its wet
habitat.
Photo by Hermann Schachner, through Creative
Commons.

Figure 93. Dichodontium pellucidum leaf with papillose
cells. Photo by Hermann Schachner, through Creative Commons.
Figure 96. Bryum pseudotriquetrum leaf with recurved
margins. Photo from Dale A. Zimmerman Herbarium, Western
New Mexico University (permission from Russ Kleinman and
Karen Blisard).

Figure 94. Dichodontium pellucidum leaf cs showing
papillae on cells. Photo by Jean Faubert, with permission.

Figure 97. Palustriella commutata var. commutata, a
shallow water species. Photo by Malcolm Storey, with online
permission.
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Figure 98. Palustriella commutata showing falcate leaves.
Photo by Malcolm Storey, with online permission.

Figure 101. Blindia acuta, a moss with a strong costa that
fills the leaf tip. Photo with permission from Barry Stewart.

Figure 102. Blindia acuta leaf with strong costa filling the
leaf tip. Photo by Hugues Tinguy, through Creative Commons.

Figure 99. Dicranella heteromalla with capsules. Photo
from Botany Website, UBC, with permission.

Figure 103. Blindia acuta leaf cs showing strong costa
typical of aquatic species in moving water. Photo by Hermann
Schachner, through Creative Commons.

Leaf Arrangement
Figure 100. Dicranella heteromalla with falcate leaves, a
species that is sometimes flooded on stream banks. Photo by Bob
Klips, with permission.

Blindia (Figure 101-Figure 103) is a genus with both
terrestrial and aquatic species. The rheophytic species have
really long subulae (long, slender points on leaves) and
linear-elongate leaf cells (Bartlett & Vitt 1986). The
terrestrial species, on the other hand, have short subulae
and shorter leaf cells.

Ock (2014) described rheophytic mosses as julaceous
(leaves crowded and overlapping, close to stem). This
character aptly describes most species of Fontinalis
(Figure 104-Figure 105). But the trait can also apply to
species that extend above the water and may experience
periods of drying, such as Philonotis fontana (Figure 106Figure 107). These amphibious versions often spread when
wet, taking advantage of more sunlight for photosynthesis
and exposing more tissue for gas exchange.
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Figure 104. Fontinalis antipyretica showing julaceous
arrangement of leaves around the stem. Photo by Hermann
Schachner, through Creative Commons.

Figure 107. Philonotis fontana showing julaceous leaf
arrangement that provides capillary spaces for emergent parts.
Photo by Malcolm Storey, with online permission through
Discoverlife.org.
Figure 105. Fontinalis duriaei showing julaceous habit that
is common in several Fontinalis species. Photo by Michael Lüth,
with permission.

Figure 106. Philonotis fontana at Haven Falls, Michigan,
USA, where it can experience summer drying. It benefits from its
julaceous habit that provides capillary spaces between the leaves.
Photo by Janice Glime.

Biehle et al. (1998) found that in the low-flow/pool
site the leaf angles of Fontinalis antipyretica (Figure 104)
were 34º, whereas at the site with a higher velocity of flow
the angles were only 25º (Figure 108), creating a more
julaceous arrangement. Furthermore, the leaf area of plants
from the higher flow site was significantly higher.

Figure 108. Leaf angles of Fontinalis antipyretica from low
(left) and high (right) flows. Modified from Biehle et al. 1998.

Devantery (1995) suggested that the leaves of
bryophytes in streams modify the internal current of the
mosses. Using Platyhypnidium riparioides (Figure 109)
and a colored liquid, he was able to reveal the water
movement patterns. A single leaf blade on a moss
demonstrated symmetrical twirling behind it. Between
leaves there is a retrocurrent in the direction of the leaf that
progressively slows down as it turns toward the leaf
insertion.
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Figure 109. Platyhypnidium riparioides above and below
fast water. Photo by Hermann Schachner, through Creative
Commons.

Stem Characters
Bociag et al. (2009) surmised that individuals of
submerged macrophytes are selected according to their
ability to withstand the hydrodynamic forces. Using three
aquatic flowering plants and the alga Chara fragilis (Figure
110), they compared those in water flowing at 0.1-0.6 m s-1
with those in stagnant water. Batrachium fluitans (Figure
111), Chara fragilis, and Stuckenia pectinata (Figure 112)
are more resistant to stretching if they occur in a river
current, whereas Potamogeton natans (Figure 113) is more
resistant in stagnant lake water. The P. natans bending
movement is much greater in lakes than those from flowing
water. The resistance of these stems to breaking is directly
proportional to the stem or thallus cross-sectional areas.
The more resistant stems are thicker with a higher
proportion of air spaces. If these differences span from
algae to flowering plants, we should expect to see
differences among bryophytes that enable them to live in
various flow regimes.

Figure 111. Batrachium fluitans, a species more resistant to
stretching when in flowing water. Photo through Creative
Commons.

Figure 112. Stuckenia pectinata, a species more resistant to
stretching when in flowing water. Photo by Christian Fischer,
through Creative Commons.

Figure 110. Chara fragilis, a species more resistant to
stretching when in flowing water. Photo by Alex Lomas, through
Creative Commons.

Figure 113. Potamogeton natans, a species that is more
resistant to stretching in stagnant water. Photo by Christian
Fischer, through Creative Commons.
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Based on these differences, we might expect that
various adaptations might permit the various species of
bryophytes to be differently adapted to flowing vs standing
water. And we might also expect that the flow itself can
cause structural changes that are adaptive.
Stem Length
Beals (1917) reported Fontinalis gigantea (Figure 19)
that was 71 cm long. Species like Fontinalis antipyretica
(Figure 1, Figure 88) and F. dalecarlica (Figure 15, Figure
21-Figure 22) can reach close to 2 m in length. I am
holding Fontinalis duriaei in Japan with a length of 60-70
cm (Figure 114). Takaki (1985) reported Fontinalis
dalecarlica from Amchitka Island in the Aleutians based
on a picture from A. J. Sharp. This moss was 166 cm long.
This creates a tremendous surface that is subject to drag in
rapid-flow waters. Thus, we should expect modifications
of the stem that permit these mosses to withstand the force
of the flowing water.
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Stem Rigidity and Drag Force
Rheophytic mosses tend to have wiry, rigid stems, as
seen in Scouleria (Figure 61-Figure 62), Cinclidotus
(Figure 86-Figure 87), Andreaeobryum (Figure 115), and
Fontinalis dalecarlica (Figure 15, Figure 21-Figure 22).
Likewise, Hygrohypnum bestii (Figure 116) occurs in
strongly flowing water and has very rigid, wiry stems.
Hygrohypnum luridum (Figure 74), H. polare (Figure
117-Figure 118), and H. alpestre (Figure 119-Figure 120),
on the other hand, occur in less rheophilous and sometimes
streambank habitats and have less wiry stems. In her
experiments, Jenkins (1982) found that the stems of
Platyhypnidium riparioides (Figure 17, Figure 109, Figure
152) and Hygrohypnum luridum have stem strength that is
three orders of magnitude higher than the typical drag force
of their habitats.

Figure 115. Andreaeobryum macrosporum with capsules, a
species with strong stems. Photo by Botany Website, UBC, with
permission.

Figure 114. Janice Glime holding Fontinalis duriaei in
Japan. Photo courtesy of Zen Iwatsuki.

Figure 116. Hygrohypnum bestii, a species of fast water and
wiry stems. Photo by Robin Bovey, with permission through
Dale Vitt.
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Figure 117. Hygrohypnum polare habitat on emergent
rocks. Photo by Dale Vitt, with permission.

Figure 118. Hygrohypnum polare, a species with less wiry
stems than those of rheophilous Hygrohypnum species. Photo by
Michael Lüth, with permission.

Figure 119. Hygrohypnum alpestre on an emergent rock.
Photo by Jean Faubert, with permission.

Figure 120. Hygrohypnum alpestre, a species with less
wiry stems than those of rheophilous Hygrohypnum species.
Photo by Michael Lüth, with permission.

Biehle et al. (1998) examined stems of Fontinalis
antipyretica (Figure 88) from various flow rates in the
field. They found significant differences in the strength of
the stems to resist tension, depending on the velocity. They
found that those specimens that typically grow in fast
water, with greater drag, have more strengthening tissue
and greater elasticity. Cross sections revealed that the
proportion of strengthening tissue in the stem was greater
in the higher flow rate (58.4%) compared to that in the
pool-like conditions (49.2%).
Sée and Glime (1984) compared the structure of the
stems of the submersed mosses Fontinalis dalecarlica
(Figure 15, Figure 21-Figure 22, Figure 121), a fast-water
species, and F. flaccida (Figure 122-Figure 123), a slowwater/pool species. Fontinalis has an outer ring of thickwalled cells surrounding a core of thin-walled cells. This
provides the stems with the same kind of stress resistance
as found in a hollow pole, and also as demonstrated by
Bociag et al. (2009) for other macrophytes. When the
stems are bent by flowing water, the stem interior is
flexible and the stem does not break. To visualize this,
think of a paper straw (hollow cylinder) vs a paper lollipop
stick (solid cylinder). The lollipop stick will break (unless
the paper is a set of twisted filaments), but the paper straw
will bend without breaking.

Figure 121. Fontinalis dalecarlica in a stream in Finland,
showing effect of drag that makes these mosses streamers. Photo
by Michael Lüth, with permission.
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Figure 122. Fontinalis flaccida, a species of quiet water.
Photo by Marsha L Kuzmina, through Creative Commons.
Figure 125. Fontinalis flaccida stem cs, a species of quiet
water. The central tissue has larger cells and thinner cell walls
than the outer cortex and epidermis. Photo by Janice Glime.

Figure 123. Fontinalis flaccida with perigonia, a species
typical of slow water and lakes. Photo by Janice Glime.

Between these two species, the fast-water F.
dalecarlica has a much larger ratio of cell diameter of
epidermal cells to that of cortical cells (Figure 124) than
does the slow-water F. flaccida (Figure 125) (Sée & Glime
1984). In both species, the central tissue has larger cells
and thinner cell walls than does the cortex (Figure 124Figure 125). This creates the same flexibility at the hollow
straw.

Figure 124. Fontinalis dalecarlica stem cs from common
garden artificial streams, showing a much larger ratio of cell
diameter of epidermal cells to that of cortical cells than is found in
Fontinalis flaccida. The central tissue has larger cells and thinner
cell walls. Photo by Janice Glime.

Sée and Glime (1984) could distinguish Fontinalis
dalecarlica (Figure 121) from F. flaccida (Figure 122,
Figure 123) based on stem cross sections (Figure 124Figure 125) based on stems grown together in common
garden experiments in artificial streams. The fast-water
species F. dalecarlica has a significantly greater mean
epidermal cell diameter (10.75 ± 0.75 µm) compared to
those of F. flaccida (7.59 ± 0.58 µm), smaller mean cell
diameter of the central tissue (15.77 ± 1.04 µm) compared
to that F. flaccida (20.56 ± 1.59 µm), and a greater range
of cortex cell layers (1-8) compared to those of F. flaccida
(1-6). Thus, F. dalecarlica has a higher ratio of epidermal
cell diameter to that of the cortex (1.4) compared to F.
flaccida (1.0). Differences in stem anatomy are even more
evident when you handle the two species. The stems of F.
dalecarlica are wiry, strong, and coarse, whereas those of
F. flaccida are softer, more flexible – flaccid. The thicker,
colored cell walls in the central core suggest that phenolic
compounds may add to the strength.
Other species of Fontinalis exhibit variations in these
stem cell layers (Figure 126). Biehle et al. (1998)
compared specimens of Fontinalis antipyretica (Figure 88)
from natural habitats with different flow velocities. They
found that velocity influences the biomechanical properties
and anatomy of submerged Fontinalis antipyretica. Flow
velocity influenced both the growth form and
biomechanical properties through changes in the anatomy
of this species. The stems differ in the proportion of
strengthening tissue and the branching angle of the stem.
They noted that drag forces increase with the length of the
plant, and the elasticity permits these stems to survive
strains of extension "remarkably" well. They found that
this species has a remarkably high ability to withstand
critical strains. The stem tissue presents a viscoelastic
behavior. These stems have outer cells with a small lumen
surrounded by a thick wall, whereas the center of the stem
is characterized by thin-walled cells with a large lumen
(Figure 126).
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Figure 128. Thamnobryum cataractarum habitat. Photo
courtesy of Nick Hodgetts.
Figure 126. Fontinalis gigantea stem cs from common
garden artificial streams, showing outer cells with thick walls and
central core cells with thin walls. Photo by Janice Glime.

Thamnobryum cataractarum (Figure 127) is a species
that can grow in very rapid water in streams and waterfalls
(Figure 128). Thus, its strong stem is beneficial. But it
seems to accomplish this somewhat differently. Instead of
the outer tough layers of thick-walled cells seen in
Fontinalis species, it has small cells in both inner and outer
stem positions (Figure 129). The outer layer cells are, like
those of Fontinalis, colored and have thicker walls than
those in the core. The surprise is the presence of a central
strand (Figure 130), perhaps an adaptation to periods of
low water.

Figure 129. Thamnobryum cataractarum stem cs showing
the numerous small cells that contrast with those of Fontinalis
species. Photo courtesy of Nick Hodgetts.

Figure 130. Thamnobryum cataractarum stem cs showing
central strand. Photo courtesy of Nick Hodgetts.

Figure 127. Thamnobryum cataractarum removed from the
water to show the long, strong stems. Photo courtesy of Michael
Lüth, with permission.

The need for bending and reduction of drag forces is
not unique to bryophytes in streams. Miler et al. (2010)
examined the biomechanics in four aquatic plants, one of
which was Fontinalis antipyretica (Figure 88). They noted
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that in order to reduce drag forces in water flow, the plants
had to withstand bending and tension forces. They found
that under high water velocities, all four of these plants
[tracheophytes Hydrochloa fluitans (Figure 131),
Ranunculus penicillatus (Figure 132), Myriophyllum
alterniflorum (Figure 133), and moss Fontinalis
antipyretica] are flexible and able to bend, coupled with
high 'tension' Young's modulus [breaking force and
breaking stress; mechanical property that measures
stiffness of solid material; defines relationship between
stress (force per unit area) and strain (proportional
deformation) in material in linear elasticity regime of a
uniaxial deformation]. In lower flow rates, the stems are
less flexible and display lower breaking stress levels and
breaking force levels. The most rigid stems are those in
slow-flow habitats. While this makes some sense for the
three tracheophytes, it seems to be contradictory for the
thin stems of the moss. For Fontinalis dalecarlica (Figure
15, Figure 21-Figure 22, Figure 124), the dense stem that is
able to resist abrasion seems to be an adaptive character.

Figure 131. Hydrochloa fluitans, a flexible plant in high
water velocities. Photo from <www.aphotofauna.com>, with
permission.

Figure 132. Ranunculus penicillatus, a flexible plant in high
water velocities. Photo by Jamie McMillan, through Creative
Gardens.
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Figure 133. Myriophyllum alterniflorum, a flexible plant in
high water velocities. Photo <www.aphotofauna.com>, with
permission.

In less abrasive, slower water, flaccid stems are
beneficial. This is the case with Fissidens fontanus
(Figure 134) (Ida Bruggeman-Nannenga, pers. comm. 10
April 2020). Fontinalis flaccida (Figure 135-Figure 136)
likewise grows in pools and slow water and has flaccid
stems and leaves.

Figure 134. Fissidens fontanus showing the flaccid leaves
and stems. Photo by John Hilty, Illinois Wildflowers, with online
permission.

Figure 135. Fontinalis flaccida, a species of slow water and
pools, with flaccid stems. Photo by Lance Biechele, Earth.com,
with permission.

2-3-30

Chapter 2-3: Streams: Structural Modifications – Leaves and Stems

Figure 136. Fontinalis flaccida habitat in Wicomico Co.,
MD, USA. Photo by Lance Biechele, permission pending.

Drag Reduction
Suren et al. (2000) found that difference in drag
coefficient between the bare rock and the moss on the rock
varied significantly in three of the six stream bryophytes
tested. For the cushion moss Bryum blandum (Figure
137), the drag coefficient increased about 10%. But for
Blindia lewinskyae (weft; Figure 138) and the liverwort
Syzygiella sonderi (low turf; see Figure 139), it decreased
by 40% and 30%, respectively. Differences in drag for
Phaeoceros laevis (thallus; Figure 140), Fissidens
rigidulus (turf; Figure 141), and Lophocolea sp. (mat;
Figure 142) were not significant. Suren and coworkers
suggested that the streamlined growth habit of the latter
two permitted them to reduce the drag. They suggested
that drag characteristics may be important in determining
where some bryophytes could succeed in streams. And
some bryophytes, furthermore, can increase substrate
stability by decreasing drag and reducing opportunity for
substrate movement.

Figure 137. Bryum blandum, a cushion form that increases
the drag coefficient by 10%. Photo by Clive Shirley, Hidden
Forest, with permission.

Figure 138. Blindia lewinskyae, a weft moss that decreases
the drag coefficient by 40%. Photo by Melissa Hutchison,
through Creative Commons.

Figure 139. Syzygiella autumnalis; Syzygiella sonderi (low
turf) decreased the drag coefficient by 30%. Photo by Hermann
Schachner, through Creative Commons.

Figure 140. Phaeoceros laevis with sporophytes, a thallus
species that has little effect on the drag coefficient, at least when
there are no sporophytes. Photo by Bob Klips, with permission.
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Figure 143. Fissidens leucocinctus stem cs showing central
strand. Photo courtesy of Ida Bruggeman-Nannenga.

Figure 141. Fissidens rigidulus var. rigidulus, a turf that
has little effect on the drag coefficient. Photo by Peter de Lange,
through Creative Commons.

Figure 144. Fissidens bessouensis stem cs showing absence
of a central strand in this tropical aquatic species. Photo courtesy
of Ida Bruggeman-Nannenga.
Figure 142. Lophocolea heterophylla, a mat that has little
effect on the drag coefficient. Photo by Bob Klips, with
permission.

Central Strand
The central strand (Figure 3) can provide support or a
means of transporting solutions – or both.
Water
movement and conservation are important for terrestrial
mosses, but these adaptations are typically lost in the
aquatic environment. The central strand, useful in the
terrestrial environment, is missing in most truly aquatic
species (Buch 1947; Hébant 1970; Vitt & Glime 1984).
The large genus Fissidens provides a good
comparison. Central strands (Figure 143) are lacking in the
often aquatic Fissidens bessouensis (Figure 144) and
Fissidens fontanus (Figure 145). In her description of the
new aquatic species Fissidens bessouensis, BruggemanNannenga (2013) noted the absence of a central strand
(Figure 144) as being an aquatic adaptation.

Figure 145. Fissidens fontanus stem cs showing absence of
central strand. Photo courtesy of Ida Bruggeman-Nannenga.
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Even terrestrial mosses that have a central strand may
fail to develop one when grown in water. This can be seen
in Paludella squarrosa (Figure 146-Figure 147),
Aulacomnium palustre (Figure 148), Brachythecium
rivulare (Figure 149), Fissidens adianthoides (Figure
150), and Tomentypnum nitens (Figure 151) (Zastrow
1934). On the other hand, Elssmann (1923-1925) found
that Platyhypnidium riparioides (Figure 17, Figure 152)
developed a structure with cells resembling those of a
central strand only when grown in water. Could it be that it
serves a strengthening function in species of flowing
water? Philonotis fontana (Figure 153-Figure 155), a
moss of wet but not fully submerged conditions, has only a
poor conduction system and very slow rates of conduction
(Bowen 1933). Bowen concluded that this moss required a
saturated atmosphere. Zastrow (1934) did note that the
central strand cells were larger in submersed forms,
consequently resembling cortex cells, but with thinner
walls. Vitt and Glime (1984) suggested that perhaps what
Bowen observed was a response to the saturated
environment rather than an adaptation to it.

Figure 148. Aulacomnium palustre, a wetland species that
loses the central strand in plants grown under water. Photo by
Kristian Peters, through Creative Commons.

Figure 149. Brachythecium rivulare on wet soil where it is
emergent. Photo by David T. Holyoak, with permission.

Figure 146. Paludella squarrosa, a wetland species that
loses the central strand in plants grown under water. Photo by
Hermann Schachner, through Creative Commons.

Figure 147. Paludella squarrosa, branch with falcate leaves.
Photo by Hermann Schachner, through Creative Commons.

Figure 150. Fissidens adianthoides, a wetland species that
loses the central strand in plants grown under water. Photo by
Paul Norwood, through Creative Commons.
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Figure 153. Philonotis fontana habitat at Haven Falls, MI,
USA. Photo by Janice Glime.

Figure 151. Tomentypnum nitens, a wetland species that
loses the central strand in plants grown under water. Photo by
Scot Loring, through Creative Commons.

Figure 154. Philonotis fontana at Pictured Rocks, MI, USA.
Photo by Janice Glime.

Figure 152. Platyhypnidium riparioides stem cs showing
the central strand that develops in water. Photo by Hermann
Schachner, through Creative Commons.

Figure 155. Philonotis fontana stem cs showing central
strand. Even so, it has a poor conduction system. Photo by Dale
A. Zimmerman Herbarium, Western New Mexico University
(permission from Russ Kleinman & Karen Blisard).
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Stolons
In addition to providing relatively rigid, yet somewhat
flexible stems, Fontinalis dalecarlica (Figure 15, Figure
21-Figure 22, Figure 124) and F. novae-angliae (Figure
156) produce stolons (Figure 157). Welch (1948) noted the
development of stolons in Fontinalis novae-angliae and
considered these a means to extend onto nearby substrate
surfaces. A number of aquatic species produce stolons, and
some of these will be discussed under the individual
species in a later subchapter.

(Glime & Rohwer 1983). Rowher and Bopp (1985)
demonstrated the presence of ethylene in protonemata of
the terrestrial moss Funaria hygrometrica (Figure 158Figure 159). We further know that wind can cause an
ethylene production that inhibits stem growth in
tracheophytes (Emery et al. 1994). We can then infer that a
similar stress caused by increased flow might cause a
similar inhibition of stem growth in bryophytes. Thus,
ethylene can provide plants with plasticity that could adapt
them to the changing conditions of flow. To complete the
story for potential adaptation in bryophytes, we find that
ethylene responses to mechanical stress in plants can cause
the stems to thicken (Anten et al. 2006). If such a response
is available to aquatic bryophytes, it could explain why
some species are able to withstand the physical stress of
rapid flow. Nevertheless, in their experiments Niklas et al.
(2006) found similar responses to mechanical stress in
mutant control plants that lacked the ability to produce
ethylene, suggesting that ethylene is not the only possibility
in facilitating the response.

Figure 156. Fontinalis novae-angliae habitat, Fox Run, NH,
USA. Photo by Janice Glime.

Figure 158. Funaria hygrometrica, a moss species known
to produce ethylene.
Photo by James K. Lindsey, with
permission.

Figure 157. Fontinalis novae-angliae showing the leafless
stolon. Photo by Janice Glime.

Ethylene Response?
We know that production of ethylene, a gaseous
hormone, responds to stress, and ethylene can cause thicker
cell walls to develop in plants (e.g. Goeschl et al. 1966).
Included among these stress responses is a wound response
by the ACC pathway (Hyodo 2018). There are few studies
addressing ethylene in bryophytes, but we know that in two
species of the aquatic moss Fontinalis (Figure 15, Figure
18, Figure 21-Figure 22, Figure 88-Figure 89) the precursor
ACC can stimulate responses like those caused by ethylene

Figure 159. Funaria hygrometrica protonemata showing
the effects of ACC, an ethylene precursor. Photo by Janice
Glime.

Chapter 2-3: Streams: Structural Modifications – Leaves and Stems

In Bryophytes, we know almost nothing about ethylene
production and plant responses. We know that application
of ACC causes structural responses in two species of
Fontinalis (Figure 88). We have evidence that bryophytes
can produce ethylene (Rowher & Bopp 1985). We know
that application of ethylene to the developing setae of one
liverwort species inhibits the elongation of the setae
(Thomas et al. 1983). And we know that ethylene responds
to submergence in the terrestrial moss Physcomitrella
patens (Figure 160), contributing to its plasticity when
submerged (Yasumura et al. 2012).
But we lack
experiments to demonstrate ethylene responses to flow in
bryophytes, and as nearly as I can determine, such studies
are missing for tracheophytes as well. Nevertheless, we
have physical responses, discussed below, that indicate the
ability to respond. We just do not understand the
physiology and biochemistry behind the response.

Figure 160. Physcomitrella patens with plant on right
having 6 disrupted MADS box genes, causing a response like that
in submersion. Photo by Koshimizu & Hasebe, with online
permission.

Summary
Stream bryophytes are subject to changing water
levels, rapid flows, silt loads, loss of sperm to the flow,
fragmentation and abrasion, being embedded in surface
ice and anchor ice, low light in summer, high light
when leaves are off the trees, and reduction in red light.
Their leaf adaptations include multistratose leaves,
thickened costa, wider costa, leaf borders, loss of
falcation, and reduction of alar cells. Stem adaptations
include thickening of the stem, central parenchyma
cells that provide flexibility, stem rigidity, growth and
life forms that reduce drag, loss of central strand, and
production of stolons. Some species also exhibit a
proliferation rhizoids. These character modifications
may be facilitated by changes in ethylene
concentrations, but it appears that other substances are
most likely involved as well.
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